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1 General introduction 
Maize and small-grain cereals 
Globally, cereal crops like maize (Zea mays L.) and small-grain cereals, such as rye (Secale 
cereale L.), triticale (xTriticosecale), durum wheat (Triticum turgidum ssp. durum) and 
common (bread) wheat (Triticum aestivum ssp. aestivum) serve as indispensable sources of 
food for humans and feed for livestock. Indisputably, cereals provide more than half of global 
caloric intake (FAO, 2020). The consumption of cereals is expected to increase at 1.2 % per 
year, between 2019 and 2028, with increasing demand in Asia and Africa (OECD/FAO, 2019). 
The production of cereal crops also provides employment for millions of people throughout 
the world. 
Maize is a diploid (2n = 20)  cross-pollinating species and has a variable genome size of 2106 
- 2500 Mbp (Díez et al., 2013; Jiao et al., 2017; Schnable et al., 2009). In the year 2018, the 
quantity of maize produced worldwide (about 1.1 billion metric tons) exceeded all cereal crops 
and it is ranked among the topmost consumed cereal crops (FAO, 2020; Chaudhary et al., 
2014). Europe produced 11.21 % of the world maize production in 2018. Maize is a staple food 
for billions of people, especially in Africa, where it accounts for approximately 60 % of dietary 
calories (FAO, 2020). Currently, maize constitutes 19.5 % of global caloric intake (Pariona, 
2019, June 7) and demand is expected to increase by 189 million metric tons, mainly driven by 
expanding animal production (OECD/FAO, 2019). In Germany, the largest proportion of the 
maize produced is used to feed livestock (Federal Ministry of Food and Agriculture, 2019).  
Rye is a diploid (RR, 2n = 2x = 14) and allogamous small-grain cereal crop. It belongs to the 
Triticeae group and has a large genome size of ~7.9 Gbp (Bartoš et al., 2008). Rye is the male 
parent of triticale (Ammar et al., 2004). About 11.3 million metric tons of rye was produced 
worldwide in 2018, about 74 % being produced by Germany, Poland, Russia, Finno-
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Scandinavia, Belarus and Ukraine together (FAO, 2020). The grains are used to make bread 
and livestock feed. Similar to other cereal crops produced in Germany, close to 60% of rye is 
used as animal feed (Federal Ministry of Food and Agriculture, 2019). Rye is more tolerant to 
biotic and abiotic stresses compared to triticale and wheat (Arseniuk et al., 1999; Bartoš et al., 
2008; Miedaner et al., 2001; Myşków et al., 2018; Villareal et al., 1998). As a result, some 
desirable agronomic and resistance traits have been transferred from rye into wheat (Crespo-
Herrera et al., 2017; Kim et al., 2004). Modern hexaploid triticale (AABBRR, 2n = 6x = 42) is 
an artificially produced small-grain cereal obtained from a cross between durum wheat and rye 
(Ammar et al., 2004). Unlike rye, it is self-pollinating. Out of approximately 12.8 million 
metric tons of triticale produced in 2018 worldwide, 90 % was produced in Europe alone (FAO, 
2020). Triticale grains are used exclusively to feed animals because of poor baking quality of 
the flour (Tsen et al., 1971). Durum wheat is a tetraploid species (AABB, 2n = 4x = 28) of 
wheat and the female parent of modern hexaploid triticale (Ammar et al., 2004). It is self-
pollinating. It accounts for up to 8 % of global wheat production, and is primarily used for 
making pasta because of its hard kernels, and for animal feed (Boyacioglu, 2017, October 23). 
Bread wheat is an allohexaploid (AABBDD, 2n = 6x = 42) and autogamous species of Triticeae 
tribe with a large genome size of ~17 Gbp (The International Wheat Genome Sequencing 
Consortium, 2014). On a global-scale, the quantity of wheat produced in 2018 (734 million 
metric tons) closely followed that of rice (782 million metric tons), making it among the three 
most important cereal crops. About 33 % of the world wheat produced occurred in Europe 
(FAO, 2020).  Common (bread) wheat is widely used in making bread, biscuits, pies, cakes, 
pizzas, muesli, etc. and for animal feed. 
Maize and small-grain cereal crops production must be scaled up in order to feed the world’s 
rapidly growing population. Undeniably, cereal crops can be seen as the foundation for 
achieving sustainable global food security, eliminating hunger by 2030 (United Nations, 2015). 
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Therefore, it is highly imperative to tackle the risk factors, such as biotic and abiotic stresses 
that mitigate against large production and utilization of quality cereal grains. 
Fusarium ear infections and management  
Fusarium species are important fungal species that cause many diseases leading to yield loss 
and mycotoxin contaminations in cereal grains. The commercially most important Fusarium 
diseases are ear rots (ER) in maize and Fusarium head blight (FHB) or scab in small-grain 
cereals such as rye, triticale, durum wheat and bread wheat. 
In maize, there are different types of toxigenic ER caused by Fusarium spp. depending on the 
geographical location and climate or weather. Gibberella ear rot (GER) is caused by Fusarium 
graminearum (telemorph/sexual stage: Gibberella zeae) species complex, and it is the major 
type of ER found in cooler regions like Europe, northern United States, Canada, South 
America, and higher altitudes in Africa (Fingstag et al., 2019; Mouton, 2014; Pfordt et al., 
2020; Wise et al., 2016). However, Fusarium ear rot (FER) caused by Fusarium verticillioides 
(Sacc.) Nirenberg (syn. F. moniliforme Sheldon) and related species such as F. proliferatum, 
F. subglutinans, F. temperatum sp. nov  may prevail in warmer years also in Germany and the 
United States (Pfordt et al., 2020). FER is one of the most predominant ERs found in Africa 
because of the prevailing climate. In small-grain winter cereal crops such as rye, triticale, 
durum wheat and bread wheat, F. graminearum and F. culmorum are among the major 
Fusarium spp.  that cause FHB in Europe. Typical symptoms of GER, FHB and Fusarium-




Figure 1. Typical symptoms of (a) Gibberella ear rot on a maize ear (whitish to reddish or pinkish mold), (b) 
Fusarium head blight (blighted spikelets), and (c) Fusarium-damaged kernels (whitish, pinkish or dark‐red, 
shrivelled kernels) in rye, triticale, durum wheat and bread wheat 
 
F. graminearum and F. culmorum are hemibiotrophic fungi and produce dangerous 
mycotoxins namely, zearalenone (ZON) and deoxynivalenol (DON) in maize and small-grain 
cereals during their necrotrophic stages (Bolduan et al., 2009; Martin et al., 2012; Miedaner et 
al., 2010; Pasquali et al., 2016; Suchowilska et al., 2010; Trail, 2009). These toxins can cause 
serious reproductive and other health problems among animals and humans. DON causes 
abdominal pain, diarrhea, acute nausea, vomiting, kidney disorders, equine 
leucoencephalomalacia, fever, poor growth rate, etc. and ZON causes infertility, abortion and 
premature puberty, especially among livestock (Massart et al., 2008; Pinton & Oswald, 2014; 
Zhou et al., 2018). The role of DON synthesis as a virulence factor for increasing severity of 
Fusarium diseases in cereals has been reported (Desjardins et al., 1996; Gunupuru et al., 2017; 
Harris et al., 1999). Studies with artificial infection showed high positive genotypic correlations 
between GER severity and Fusarium mycotoxin contaminations, DON and ZON (r = 0.73 – 
0.98) in maize and small-grain cereals (Bolduan et al., 2009; Martin et al., 2011; Miedaner et 
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al., 2004). Mycotoxins may still be present among kernels having no visible ER or FHB 
symptoms. National and international regulatory bodies have set recommended limits for 
mycotoxins in cereals and cereal products because of the adverse health and economic effects 
associated with them (FAO, 2003; Foroud et al., 2019; The Commission of the European 
Communities, 2006). For example, in the European Union, the limit imposed on DON is 1.75 
mg kg-1 in maize, durum wheat and oats, and 1.25 mg kg-1 in other small-grain cereals meant 
for human consumption. The allowable limits of DON in animal feed are 0.90 -12.00 mg kg-1, 
depending on the type and age of animals (The Commission of the European Communities, 
2006). 
The negative effect of Fusarium spp. on maize and small-grain cereals is increasing due to 
climate change and changing farming methods such as mono-cropping, narrow rotations, and 
reduced soil tillage. In addition, the genomic structure of Fusarium spp. relating to 
pathogenicity is evolving (Lofgren et al., 2018; Sperschneider et al., 2015) and there is large 
seasonal plasticity in the occurrence and aggressiveness among and within Fusarium spp. 
(Castiblanco et al., 2020; Pfordt et al., 2020). These factors make management of Fusarium 
diseases more complicated. Fusarium diseases and mycotoxins can be controlled using 
chemicals, biocontrol agents such as some species of Trichoderma, Bacillus, Lysobacter and 
Pseudomonas, crop rotation and soil tillage (Anderson et al., 2017; Fingstag et al., 2019; 
Mielniczuk & Skwaryło-Bednarz, 2020; Pfordt et al., 2020). Individual methods such as 
chemical and biological control may be ineffective because of the negative effects of 
environmental conditions and high disease pressure (Anderson et al., 2017). Besides, fungicide 
application on cereal crops after certain growth stages is strictly regulated in some countries 
like the European Union. Integration of resistant cultivars into Fusarium disease management 
methods is the most sustainable, efficient and ecologically beneficial way to reduce the 
negative impact of Fusarium ear diseases and mycotoxin accumulations in maize and small-
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grain cereals, especially in endemic regions and seasons. Therefore, genetic improvement of 
cultivars for GER and FHB resistances across multi-environments is very crucial. 
Pure line breeding (either by single cross, three-way cross or four-way/double cross) is the 
major method used to produce wheat and triticale cultivars because of their self-pollinating 
nature. However, there are attempts to introduce hybrid wheat and triticale breeding in some 
countries by exploiting the advantage of genetic or chemically induced male sterility 
(Baenziger, 2016; Ayalew et al., 2018). Hybrid breeding is commonly used in rye and maize 
breeding programs. In rye, hybrid cultivars are composed of each of two inbred lines developed 
from two heterotic groups that are crossed for seed production by cytoplasmic-male sterility 
(Miedaner and Laidig, 2019). For maize, homozygous inbred lines are generated by self-
pollination (controlled) or DH technology and the superior hybrid combinations selected to 
produce hybrid cultivars. The inbred lines are first evaluated for line per se and testcross 
performance. Historically, maize was introduced in Europe after Columbus discovered the new 
world. The European flint maize landraces were introduced in Europe from South and North 
America around the 16th to 17th century (Rebourg et al., 2003; Tenaillon and Charcosset, 2011). 
According to Rebourg et al. (2003), the adaptation of maize in Europe should be attributed to 
the cross-pollination events that occurred between the South and North American flint 
germplasms. 
Genetics for Fusarium resistances and genomics-assisted breeding 
The genetic architecture of ER and FHB resistances is complex, affected by multiple loci, the 
environment and genotype-environment interaction (G x E) (Becher et al., 2013; Martin et al., 
2012). Significant genotype-isolate interaction was reported for ER severity and mycotoxin 
concentrations among elite maize lines inoculated with eight isolates each of F. graminearum 
and F. verticicillioides (Miedaner et al., 2010). However, they did not find change in ranking 
of the genotypes under the different isolates. Studies showed additive, dominance, digenic 
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(dominance x dominance) and epistatic genetic effects on the inheritance of Fusarium ear 
disease resistances in cereals with additive gene action being the most predominant effect 
(Butrón et al., 2015; Chungu et al., 1996; Fakhfakh et al., 2011; Martin et al., 2012; Miedaner 
& Geiger, 1996). In previous research, molecular analyses confirmed the important role of 
additive and epistatic genetic control of Fusarium resistance in maize and small-grain cereals 
(Han et al., 2018; Ma et al., 2006; Martin et al., 2012; Martin et al., 2011). Maternal effects 
might play no important role on resistance to Fusarium ear infections in cereals (Buerstmayr et 
al., 2000; Pereira et al., 2017), making the choice of a pollen donor or a female parent from 
among selected candidates in a breeding program non-problematic. 
Over the past years, genomic tools such as quantitative trait loci (QTL or linkage) mapping, 
genome-wide association studies (GWAS), transcriptomics, proteomics and metabolomics 
have been used to decipher the molecular mechanisms for Fusarium ear disease resistances in 
maize and small-cereals (Chapter 4; Buerstmayr et al., 2019; Kazan & Gardiner, 2018; Ma et 
al., 2020). In maize, >100 QTLs scattered across the 10 chromosomes have been reported for 
ER resistances, of which 87 were incorporated into a meta-QTL map to derive 29 meta-QTLs 
(Xiang et al., 2010). About 198 candidate genes (CGs) have been reported for F. graminearium 
resistance in maize using transcriptomics and proteomics (Kebede et al., 2018; Mohammadi et 
al., 2011; Yuan et al., 2020). However, it has been difficult to employ these multiple QTLs or 
CGs in marker-assisted selection (MAS) to improve GER resistance in maize.  
In small-grain cereals, many QTLs were reported for FHB resistance in durum wheat 
(Buerstmayr et al., 2019; Miedaner et al., 2017), bread wheat (Arruda et al., 2016; Buerstmayr 
et al., 2019; Venske et al., 2019), and triticale (Dhariwal et al., 2018; Galiano-Carneiro et al., 
2019; Kalih et al., 2015). For bread wheat alone, ~550 FHB QTLs were found across the entire 
genome (i.e A, B, D) and have been reduced to 65 meta-QTL (Venske et al., 2019). Most of 
the QTLs contributed only small proportions of the genotypic variance for FHB resistance. 
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Attempts are being made to introduce a few major QTLs of Chinese origin (e.g., Fhb1, Fhb5, 
Fhb6) into wheat and triticale breeding materials for FHB resistance across the globe  (Bai et 
al., 2018; Ma et al., 2020; Miedaner et al., 2019a; Ollier et al., 2020; Prat et al., 2017). 
Individual QTLs with large impact on FHB resistance in wheat have been successfully applied 
in MAS in US and China (Ma et al., 2020). However, QTL analyses for FHB resistance in rye 
are missing in literature. In the meantime, previous studies involving triticale, a progeny of 
wheat x rye crosses, found QTLs on chromosome 3R, 4R, 5R and 7R originating from rye 
(Dhariwal et al., 2018; Galiano-Carneiro et al., 2019; Kalih et al., 2015). 
A large majority of QTLs detected in the past decades remain unutilized for MAS in practical 
breeding for GER and FHB resistances because of low validation rate, high cost and the 
tendency of fixing large portions of the genome (Brauner et al., 2017; Miedaner & Korzun, 
2019). Therefore, genomic selection (GS) has been proposed as an option to facilitate the 
application of genomics in crop improvement. Genomic prediction (GP) involves using 
genome-wide high-density marker profiles to estimate the genomic breeding values of 
individuals to be selected. Once the effects of markers are estimated in GP models, non-tested 
genotypes can be predicted and selected. This strategy reduces large-scale phenotyping and 
enhances selection gains (Edwards et al., 2019; Wallace et al., 2014). Larger proportion of 
genetic variation may be captured in GS than in MAS, especially when the trait is mainly 
controlled by a multitude of rare additive alleles (Newell & Jannink, 2014). Factors, limitations 
and prospects of GS for complex traits have been extensively reviewed (Goddard & Hayes, 
2007; Leng et al., 2017; Robertsen et al., 2019). As a result, GP has been used to predict 
resistance of maize to lethal necrosis (Gowda et al., 2015), Diplodia ear rot (dos Santos et al., 
2016) and Northern corn leaf blight (Technow et al., 2013). Two studies have suggested that 
GS might accelerate breeding for GER resistance in maize (Han et al., 2018; Riedelsheimer et 
al., 2013). Furthermore, the prospects of genomic selction for FHB resistance breeding in 
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triticale (Galiano-Carneiro et al., 2019), durum wheat (Miedaner et al., 2017; Moreno-Amores 
et al., 2020) and bread wheat (Arruda et al., 2016; Mirdita et al., 2015; Rutkoski et al., 2012) 
have been studied. However, the potential of GS for breeding against FHB resistance in rye is 
unknown. Maize landraces are genetically diverse populations which habour many locally 
adapted traits (Böhm et al., 2017; Hölker et al., 2019; Mayer et al., 2017; Strigens et al., 2013). 
In order to exploit new sources of resistance, it is worthwhile to tap the wide diversity in maize 
landraces for GER resistance breeding using integrated genomic methods.  
Objectives of the study 
The main objective of this research was to analyze four winter small-grain cereals and two 
European maize landrace populations for resistance to Fusarium ear diseases, using genome-
based approaches. The specific objectives were to: 
1. Compare rye, triticale, durum wheat, and bread wheat for their FHB resistance and 
DON accumulation 
2. Identify QTLs for FHB resistance in rye using GWAS and assess the potential of 
genomic prediction  
3. Conduct a state-of-the-art literature review on QTLs, candidate genes and genomic 
selection for ER resistances and reduced mycotoxin contaminations in maize 
4. Analyze phenotypic and genotypic data for GER resistance, across and within two 
European maize landraces, “Kemater Landmais Gelb” (KE) and “Petkuser Ferdinand 
Rot” (PE), to be used for multi-locus GWAS  
5. Compare MAS and genomic selection for GER resistance in combined (COMB), 
between and within KE and PE DH libraries 
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SUPPORTING INFORMATION  
S1 Average temperature (
◦
C) and sum of precipitation (mm) during inoculation period of rye, 
triticale, durum and bread wheat in HOH 2017, HOH 2018 and OLI 2018 
 
Crop species Environment Temperature (◦C) Precipitation (mm) 
Rye HOH2017 18.8 0.0 
 
HOH2018 13.4 15.7 
 










HOH2018 14.3 39.8 
 










HOH2018 18.0 0.0 
 










HOH2018 20.1 0.0 
 
OLI2018 18.5 3.8 
HOH = Hohenheim, OLI = Oberer Lindenhof 
 
S2 Inoculation and rating periods of rye, triticale, winter durum and bread wheat in HOH 
2017, HOH 2018 and OLI 2018 
 
Crop species Environment Inoculation period Rating period 
Rye HOH2017 May 25-27, 2017 June 12-24, 2017 
 
HOH2018 May 14-16, 2018 June 1-11, 2018 
 
OLI2018 May 26-28, 2018 June 8-23, 2018 
Triticale HOH2017 May 29-June 2, 2017 June 16-26, 2017 
 
HOH2018 May 14-22, 2018 June 1-17, 2018 
 
OLI2018 May 28-June 1, 2018 June 10-28, 2018 
Durum wheat HOH2017 June 2-8, 2017 June 20-30, 2017 
 
HOH2018 May 25, 2018 June 11-19, 2018 
 
OLI2018 June 4-7, 2018 June 17-July 2, 2018 
Bread wheat HOH2017 June 4-8, 2017 June 22-July 2, 2017 
 
HOH2018 May 25-27, 2018 June 11-21, 2018 
 
OLI2018 June 4-7, 2018 June 17-July 2, 2018 






S3 Adjusted means and ranges of FHB (%), FDK (1-9), DON (mg kg
-1
), HD (days) and PH 
(cm) in rye, triticale, durum and bread wheat across three environments 
 
Crop species Para- 
meter 
FHB (%) FDK (1-9) DON 
(mg kg-1) 
HD (days) PH (cm) 
Rye Mean 5.09 a 3.64 a 10.08 a 131.97 a 144.83 a 
 Range 3.32-7.06 3.02-4.76 6.82-13.46 130.67-133.33 132.15-157.67 
Triticale Mean 6.17 a 3.90 a 15.18 ab 140.51 b 110.30 b 
 Range 3.75-10.32 2.80-6.17 8.10-25.45 134.83-144.49 99.66-122.80 
Durum wheat Mean 27.72 b 6.17 b 30.68 b 147.93 c 90.73 c 
 Range 16.93-50.73 3.88-8.81 10.62-78.81 146.17-151.50 84.50-98.00 
Bread wheat Mean 33.57 b 6.24 b 16.59 ab 148.96 c 92.64 c 
 Range 12.16-57.23 3.55-8.78 8.86-26.30 147.56-150.17 84.64-105.67 
Means for each trait sharing the same letters are not significantly different at 0.05 probability 
level according to Tukey's test. FHB = Fusarium head blight, FDK = Fusarium-damaged 




















































SUPPORTING INFORMATION  
Table S1. Consensus map of rye (Secale cereale L.) compared to the map of Bauer et al. 
(2017) 
See separate EXCEL file (available online at https://doi.org/10.1111/pbr.12810) 
 
Table S2. Mean, minimum and maximum values of Fusarium head blight (FHB), 
heading stage and plant height for selected and unselected rye lines 
 
Parameter   FHB (%)  
Selected Unselected 
  Heading (1-9)  
Selected Unselected 
  Plant height (cm)  
Selected Unselected 
Mean 12.58 24.51 5.37 4.95 118.36 104.84 
Minimum 5.37 6.46 3.00 2.14 99.17 74.30 




Figure S1. Manhattan plot of the genome-wide association scan for (a) heading stage 
(1-9), and (b) plant height (cm). Bon. =Bonferroni corrected significance threshold at 






Figure S2. Association between observed and predicted FHB severities based on 
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Globally, maize is a very important crop for humans and animals. However, fungal diseases 
such as Gibberella, Fusarium and Aspergillus ear rots (ERs) can result in about 30% yield loss 
in most maize-growing regions of the world. These diseases do not only reduce yield, but also 
contaminate the grains with mycotoxins such as deoxynivalenol, zearalenone, fumonisins and 
aflatoxins, respectively. These mycotoxins pose serious health concerns in both humans and 
livestock. Over the past decades, several studies have been conducted to dissect the genetic 
architecture of resistance to these three toxigenic ear rots. The review provides spotlight on 
studies carried out to identify quantitative trait loci (QTL) and candidate genes (CG) as well as 
the application of genome-wide selection in maize for resistance to Fusarium graminearum, 
Fusarium verticillioides and Aspergillus flavus. Genetic mapping (linkage mapping and 
genome-wide association studies), genomic profiling (proteomics, transcriptomics and 
metabolomics) and bioinformatic approaches are used in current studies to propose resistance 
genes against maize ear rot fungi. Though a multitude of QTLs and CGs are reported, only a 
few specific genes have been cloned and validated to directly confer resistance to ear rots. The 
way forward is to combine available gene identification methods. Genome-wide selection 
might speed up ER resistance breeding, but this area is not adequately exploited yet. Tapping 
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Supplementary Table 1 Repeatability values for Gibberella ear rot (GER) severity and agronomic 
traits in individual environments 
Trait GON 2018 GON 2019 HOH 2018 HOH 2019 
Kemater (N=250)         
GER (%) 0.71 0.61 0.70 0.75 
Silking (days) 0.93 0.93 0.95 0.90 
Plant height (cm) 0.90 0.92 0.91 0.91 
Seedset (%) 0.88 0.85 0.90 0.87 
Petkuser (N=250)         
GER (%) 0.81 0.62 0.76 0.61 
Silking (days) 0.93 0.93 0.96 0.90 
Plant height (cm) 0.88 0.90 0.91 0.90 























Supplementary Table 2 Significant SNPs detected for days to silking (DS), plant height 
(PHT) and seed-set (SS) and the proportion of explained genotypic variance (PG, %) within 
“Kemater Landmais Gelb” population (N=236) 
Trait Marker Chrᵃ Coordinate 
(cM)  
P-value MAF Effect PG(%) 
Silking ZmSYNBREED_13571_319 1 109.74 2.29E-05 0.35 0.76 7.04 
  PZE-101177457 1 173.40 6.95E-07 0.37 -0.72 4.22 
  ZmSYNBREED_24171_409 2 54.70 2.42E-08 0.37 0.92 0.46 
  PZE-102057292 2 68.05 6.88E-06 0.09 -1.16 4.06 
  ZmSYNBREED_25614_200 2 85.63 1.24E-07 0.40 -0.93 12.02 
  ZmSYNBREED_30702_382 2 179.08 6.63E-05 0.29 0.92 1.30 
  PZE-103020403 3 36.33 8.61E-05 0.49 0.62 3.99 
  ZmSYNBREED_36594_421 3 136.27 8.38E-05 0.26 0.60 3.54 
  ZmSYNBREED_43496_660 4 135.18 3.07E-05 0.30 0.73 2.58 
  ZmSYNBREED_60539_814 7 89.00 5.06E-06 0.42 -0.75 6.38 
  ZmSYNBREED_61375_398 7 138.60 1.31E-05 0.28 0.78 2.06 
  PZE-108043501 8 53.20 4.55E-07 0.30 0.88 4.54 
  ZmSYNBREED_66468_531 8 134.55 3.06E-07 0.08 1.65 12.57 
  Total           62.21 
PHT SYN25732 1 98.12 2.8E-08 0.05 8.96 6.56 
  ZmSYNBREED_26883_932 2 87.30 2.67E-13 0.26 6.84 14.53 
  ZmSYNBREED_30884_970 3 18.40 1.04E-06 0.14 -4.61 3.99 
  ZmSYNBREED_31089_919 3 36.33 9.43E-05 0.32 2.85 1.50 
  ZmSYNBREED_36058_252 3 114.24 1.56E-11 0.47 5.17 10.58 
  ZmSYNBREED_45996_103 5 61.00 6.55E-05 0.50 -2.68 2.27 
  ZmSYNBREED_48515_186 5 79.07 5.54E-05 0.34 -4.05 14.60 
  ZmSYNBREED_56241_197 7 10.95 1.22E-06 0.38 3.35 2.74 
  ZmSYNBREED_64964_415 8 80.15 1.96E-09 0.31 4.64 7.36 
  ZmSYNBREED_65956_413 8 98.42 9.48E-08 0.22 4.79 8.51 
  ZmSYNBREED_67307_966 9 47.00 5.32E-08 0.29 -3.75 0.72 
  Total           71.71 
SS SYN34979 5 99.08 4.01E-05 0.07 -12.25 9.84 











Supplementary Table 3 Significant SNPs detected for days to silking, plant height and seed-
set and the proportion of explained genotypic variance (PG, %) within “Petkuser Ferdinand 
Rot” population (N=226) 
Trait Marker Chrᵃ Coordinate 
(cM)  
P-value MAF Effect PG(%) 
Silking ZmSYNBREED_18736_535 1 252.70 1.32E-09 0.46 1.04 3.90 
  ZmSYNBREED_24440_109 2 66.95 2.06E-11 0.49 -1.36 12.33 
  ZmSYNBREED_30876_878 3 17.00 2.99E-07 0.08 1.51 8.38 
  ZmSYNBREED_44949_124 4 173.20 6.05E-09 0.02 3.11 6.65 
  ZmSYNBREED_45112_401 5 13.20 3.55E-05 0.38 0.62 2.64 
  ZmSYNBREED_53883_603 6 37.25 3.2E-06 0.13 -1.03 0.66 
  ZmSYNBREED_55424_201 6 79.40 1.8E-05 0.44 0.68 0.30 
  ZmSYNBREED_21984_457 10 61.53 5.52E-06 0.28 0.97 15.42 
  ZmSYNBREED_23095_276 10 86.50 1.51E-05 0.23 -0.97 5.07 
  ZmSYNBREED_23313_200 10 102.40 7.33E-08 0.14 1.31 0.33 
  Total           53.04 
PHT ZmSYNBREED_16431_599 1 164.77 1.04E-05 0.14 -3.73 1.93 
  PZE-101171667 1 168.80 9.4E-08 0.12 -5.33 7.23 
  PUT-163a-16927623-1182 2 62.87 3.66E-05 0.47 -2.90 4.28 
  SYN4699 2 134.28 1.11E-06 0.04 -6.90 2.41 
  ZmSYNBREED_42399_177 4 90.51 6.45E-07 0.18 3.97 13.28 
  ZmSYNBREED_53359_839 6 27.00 2.16E-11 0.35 -6.40 22.81 
  ZmSYNBREED_55722_432 6 99.00 4.86E-06 0.29 -4.67 7.13 
  SYN14712 6 135.80 1.32E-05 0.48 -2.39 1.58 
  ZmSYNBREED_60462_165 7 86.50 4.73E-09 0.50 -3.86 0.02 
  ZmSYNBREED_66119_558 8 103.30 1.91E-05 0.04 7.52 3.90 
  Total           62.62 
SS ZmSYNBREED_24191_259 2 55.37 1.9E-05 0.29 7.59 3.60 
ᵃChromosome; MAF, minor allele frequency 
 
Supplementary Table 4 Number of candidate genes associated with ontological terminologies for 
Gibberella ear rot severity 
Functional group/gene ontology term Number of genes* 
(ATP, DNA, Protein, Ion ) binding activity 9 
(Protein) kinase activity 4 
Molecule/membrane modification/repair 2 
Defense/response to stress or stimuli 4 
Catalytic/transferase activity 5 
Structural component of cell 
wall/membrane/ribosome 
3 
Compound biosynthesis/metabolism 5 
Protein phosphorylation/signal transduction 3 
Regulation of DNA replication/transcription 2 
Oxidation-reduction process 3 
*Some of the 25 protein-coding genes/gene models associated with the two most important SNPs of 





Supplementary Figure 1 Principal component (PC) analysis of the 462 DH lines originating from 
two landraces based on the marker data. Percentages of variation explained by the first and second 





Supplementary Figure 2 A heat map of dendrogram and the genomic relationship matrix constructed 






6 General discussion 
Fusarium spp. are ubiquitous in nature, infecting maize and small-grain cereals such as rye, 
triticale, durum wheat, bread wheat and many other crops. Quantitative host plant resistance is 
an effective way of reducing the negative impacts of Fusarium ear diseases and mycotoxin 
contaminations in maize and small-grain cereals. In this thesis, Fusarium head blight (FHB) 
resistance and deoxynivalenol accumulation in four small-grain winter cereal crops were 
compared, and the molecular mechanism of FHB resistance examined in rye for the first time. 
The thesis also covers the genomics of ear rots (ER) and mycotoxin resistances in maize, and 
empirical phenotypic and genomic analyses of Gibberella ear rot (GER) resistance among 
doubled-haploid (DH) lines derived from two European flint maize landraces.    
FHB resistance and deoxynivalenol accumulation in four winter small-grain 
cereals 
Systematic comparison of 12 cultivars or advanced genotypes each of rye, triticale, durum 
wheat and bread wheat under artificial infection using constant and crop-specific inoculum 
concentrations showed differential response to F. culmorum head infection, kernel damage and 
DON accumulation (Chapter 2). Interestingly, although FHB severity in durum wheat was 
lower than in bread wheat, durum wheat accumulated more DON than bread wheat on the 
overage. The higher mean of FHB severity for bread wheat than durum wheat can be attributed 
to the presence of two highly susceptible genotypes, Franz and Tobak (Chapter 2). In addition, 
the regulatory mechanisms of FHB severity and DON accumulation in these crop species may 
be partially different. He et al. (2019) identified two major quantitative trait loci (QTLs) for 
DON accumulation among 197 recombinant bread wheat inbred lines by spray-inoculation of 
a mixture of five DON producing F. graminearum isolates. The QTL located on chromosome 
3BL had only minor impact on FHB resistance while the other QTL on chromosome 3DL had 
no impact on FHB. Other factors such as moisture content and phenolic compounds might 
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influence symptom development and DON synthesis in small-grain cereals (Gauthier et al., 
2016; Pagnussatt et al., 2014). The strength of association between traits, FHB severity, FDK 
and DON depended on the crop species, being high in both wheat species and generally low in 
rye and triticale. Hence, it is important to determine mycotoxin contents of cereal crops at the 
later stages of variety development.  
The ranking of the four winter crop species for FHB severity was not influenced by change in 
inoculum concentration (i.e., constant vs. crop-specific concentrations, Chapter 2). Other 
authors also found rye to be more resistant to FHB and DON accumulation than triticale and 
wheat genotypes (Arseniuk et al., 1999; Langevin et al., 2004; Miedaner et al., 2001). Arseniuk 
et al. (1999) found both spring and winter wheat varieties to be more susceptible to FHB than 
rye and triticale varieties under artificial infection with a composite isolate of four Fusarium 
spp. Triticale might have inherited the high level of resistance from rye. Previous QTL analyses 
in hexaploid triticale showed that several rye chromosomes contained QTLs for FHB 
resistance, though some QTLs were also found on the A and B genomes (Dhariwal et al., 2018; 
Galiano-Carneiro et al., 2019; Kalih et al., 2015). The differential response of these four winter 
Triticeae species to Fusarium infection can also be attributed to passive resistance mechanisms 
such as variation in anther extrusion, spike morphology, waxy layer and plant height (Chapter 
2; Buerstmayr & Buerstmayr, 2015; Mesterházy, 1995). In addition, the reduced height (Rht) 
genes such as Rht-B1b and Rht-D1b in durum wheat and bread wheat highly influence FHB 
severity among cultivars of these crops (Miedaner & Voss, 2008; Miedaner et al., 2017). 
In future studies, the regulatory mechanisms of mycotoxin accumulation in harvested small-
grain cereal crops should be investigated into more detail. Studies aimed at elucidating the 
molecular mechanism of FHB resistance in rye will be worthwhile to understand to which 
extent its high resistance level is governed by a high frequency of strong QTL alleles that could 
be transferred in future to wheat and triticale.  
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Molecular basis of FHB resistance in rye (Secales cereale L.) 
Though advances have been made in rye genomics in the last decades, rye still lagged behind 
most small-grain winter cereals in terms of genomics (Miedaner et al., 2019b). Few genomic 
analyses have been done to identify QTLs for agronomic and quality traits (Falke et al., 2009; 
Hackauf et al., 2017; Miedaner et al., 2012, 2018) as well as abiotic stress tolerance (Myşków 
et al., 2018) in rye. However, QTLs that regulate FHB resistance in rye, the only cross-
pollinating winter small-grain cereal, were unknown until now. Therefore, as part of this thesis, 
a premier GWAS and genomic prediction was conducted to unravel the genomic mechanisms 
of FHB resistance in rye (Chapter 3). 
The high total impact of the QTLs detected for FHB resistance (Chapter 3) can partly be 
attributed to the accumulation of FHB resistance alleles in the recurrent selection program 
where the material was derived from. According to Beavis (1998), 𝜌𝐺  of detected QTLs can 
greatly be estimated upward when population size, n ≤ 100 because most small effect QTLs 
are difficult to detect in small population sizes. Given that close to 500 lines were analyzed 
(Chapter 3), the proportion of genotypic variance explained by the detected QTLs might only 
be slightly overestimated (Beavis, 1998; Xu, 2003). The two SNPs, Contig1930 located on 
chromosome 1R and isotig09091 on chromosome 5R, which explained 33 % and 14 % of 𝜌𝐺 , 
respectively, can be investigated further and used as candidates for genomic-assisted breeding 
against FHB in rye (Chapter 3). The outcome of this study shows that the genetic architecture 
of FHB resistance in rye is complex, controlled by several additive alleles. Similar genetic 
architecture was found for FHB resistance traits in other small-grain winter crops (Arruda et 
al., 2016b; Dhariwal et al., 2018; Wang et al., 2017) and Gibberella ear rot resistance in maize 
(Chapter 4; Chapter 5). No common QTL was found between FHB severity and HS, which 
was in consonance with the observed low phenotypic relationship between these traits (Chapter 
3). However, one medium-effect FHB QTL (isotig15081, 3R) was in LD (r2 = 0.84) with the 
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PHT QTL (isotig24773, 3R) and might represent a common QTL between the two traits, 
partially explaining the moderate phenotypic correlation found between the two traits (Chapter 
3). None of the QTLs for PHT had a large effect, indicating the absence of major dwarfing 
genes in the material analyzed. Therefore, resistant lines can be selected without having large 
negative impacts on earliness and PHT in hybrid rye breeding programs (Chapter 3).  
Because of the presence of several additive genes each with minor effects on the traits analyzed 
in rye, MAS (i.e., using marker effects of QTLs explaining >5 % of 𝜌𝐺) was compared to GS 
using unweighted and weighted GP approaches (Chapter 3). The two GP approaches 
outperformed MAS for all three traits, FHB severity, HS and PHT. For example, for FHB 
severity, the prediction accuracy, 𝜌 (i.e., prediction ability divided by the square root of 𝐻2) of 
MAS was 0.54 while that of both GP approaches was 0.96. This trend corroborates other 
reports in triticale (Galiano-Carneiro et al., 2019), bread wheat (Herter et al., 2019; Mirdita et 
al., 2015; Odilbekov et al., 2019; Rutkoski et al., 2012) and durum wheat  (Miedaner et al., 
2017). The high 𝜌 can be due to the presence of increased resistance alleles for FHB resistance 
and the close relatedness of lines from the elite breeding germplasm. Weighted and unweighted 
GP yielded similar prediction abilities. Thus, inclusion of most important QTLs in the GP 
model did not result in further improvement of 𝜌, because the alleles associated with QTLs for 
FHB resistance were already high in the material analyzed GP (Chapter 3). In breeding 
materials where few QTLs with small to moderate cumulative effects are present, the inclusion 
of detected QTLs as fixed effects may result in higher prediction accuracy (Galiano-Carneiro 
et al., 2018; Odilbekov et al., 2019; Herter et al., 2019). In addition, the magnitude of the power 
of weighted GP over unweighted GP and MAS is dependent on the trait and the genetic material 
evaluated (Chapter 3 and 4). Galiano-Carneiro et al. (2018) detected six QTLs jointly 
explaining 56.64 % 𝜌𝐺  for FHB resistance in triticale by GWAS. They used the four QTLs 
explaining >5 % 𝜌𝐺  as weight in the GP model, which led to about 20 % increase in the 𝜌 for 
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FHB resistance. Hence, breeding programs can target accumulation of QTLs in populations 
prior to GP for improved predictability. The findings in Chapter 3 imply that genomic-assisted 
recurrent selection scheme can catalyze improvement of rye genotypes against toxigenic 
Fusarium head infection. It should be noted that the prediction accuracies reported (Chapter 3) 
and other cross-validation studies (Galiano-Carneiro et al., 2018; Herter et al., 2019) might be 
over calculated since individuals were evaluated in the same trials and randomly sampled to 
constitute the training set, TS (80 %) and the validation set, VS (20 %). However, in real-world 
breeding programs, individuals of the TS and VS are evaluated in different trials or 
environments, and sometimes, disease symptoms are scored by different people. In this case, 
prediction accuracies may be lower than what has been reported in literature. Efforts should be 
made to optimize GS in applied breeding by constantly updating the training set. 
Breeding for ear rot and mycotoxin resistances in maize (Zea mays L.) 
In the past decades, conventional breeding techniques like backcrossing, single seed descent, 
recurrent and multistage or mass selection have been extensively used to breed maize against 
toxigenic ear rots (ERs) such as Gibberella ear rot (GER), Fusarium ear rot (FER) and 
Aspergillus ear rots (Mesterházy et al., 2012). However, these traditional methods are time-
consuming and labor intensive. Meanwhile, there is the need to expedite breeding cycles to 
increase selection gain to produce safe and more food, to feed the ever-increasing human and 
animal populations. The advancement and availability of molecular markers, high-throughput 
sequencing technologies and internet-based “omics” data have led to the use of genomic tools 
such as linkage mapping, GWAS, gene expression analyses and genomic prediction in ER 
resistance breeding programs (Chapter 4). Chitinase gene 2 and geranyl geranyl transferase-
like protein found to contribute to resistance to Fusarium spp. in maize have been cloned 
(Dowd et al., 2018a; Dowd et al., 2018b). However, there is slow progress in using the several 
QTLs and candidate genes (CGs) detected in real-world resistance breeding due to many 
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factors. Major constraints to the power and usefulness of genomic analyses are precision 
phenotyping and the highly polygenic nature of ER resistance and mycotoxin accumulation 
(Chapter 4; Cobb et al., 2013). Application of automated high-throughput phenotyping 
platforms such as 3D scanning to improve transferability and repeatability of assessing ER 
symptoms (Kuska & Mahlein, 2018; Mutka & Bart, 2015) might be a long-term goal. A 
possible solution to optimize results from genomic studies is to combine different analytical 
methods in order to overcome the inherent weaknesses of each individual method. In addition, 
the use of landraces to increase the genetic variation for ER and mycotoxin resistances was 
proposed (Chapter 4). 
Genome-wide association studies and genomic prediction for harnessing GER 
resistance from two European maize landraces 
Phenotypic and molecular analyses of Gibberella ear rot (GER) resistance in elite maize 
materials have been conducted (Han et al., 2016; Martin et al., 2012; Martin et al., 2011) but 
until now, the genetic diversity among landraces of European flint maize is not exploited for 
GER resistance breeding using integrated genomic tools. Therefore, 500 doubled-haploid (DH) 
lines originating from two flint maize landraces, “Kemater Landmais Gelb” (KE) from Austria 
and “Petkuser Ferdinand Rot” (PE) from Germany, were phenotyped and genotyped for F. 





Figure 2 (a) The source landrace populations, “Kemater Landmais Gelb” and “Petkuser Ferdinand Rot”, (b) Silk 
channel inoculation of maize ear, 4-6 days after silk emergence 
 
Maximum phenotypic variation was found for GER severity in both combined DH libraries 
(COMB) and within the two landraces evaluated, ranging from approximately 1 % to 87 % in 
KE and 7 % to 97 % in PE (Figure 3). This shows that highly resistant and susceptible lines 
can be found in maize landraces (Chapter 5; Böhm et al., 2017). Similarly, previous studies 
reported high phenotypic and molecular variation for agronomic and quality traits among DH 
lines originating from other European flint maize landraces (Böhm et al., 2017; Mayer et al., 
2017; Stringens et al., 2013). Böhm et al. (2017) evaluated 389 DH lines from six European 
flint landraces together with 53 elite flint lines and reported higher phenotypic variation and 
broad-sense heritability for landraces than the elite lines for F. verticilliodes ear rot (FER) 
severity. They also found improved resistance for FER within landraces than elite lines. The 
significance of G x E interaction and the influence of the environment on GER resistance has 
been reported several times in literature (Chapter 4 and Chapter 5; Martin et al., 2012; Han et 
al. 2018). The importance of G x E in GER resistance makes evaluation of lines in multi-
environments highly necessary, to improve heritability values. Phenotypic and genotypic 
correlations between GER severity and the three agronomic traits were weak (P ≤ 0.01). 
Similarly, previous research revealed negative but weak to moderate relationships between 
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GER severity and days to female flowering (Martin et al., 2011, Han et al., 2016, 2018). This 
phenomenon allows simultaneous selection for GER resistance, and the three agronomic traits, 
plant height, earliness, and seed-set (Chapter 5). 
Because of the high level of genetic diversity found among the landraces (Chapter 5), novel 
alleles present can be harnessed to broaden the narrow genetic background of elite breeding 
materials. It is important to note that remnant genetic load among DH lines obtained from 
landraces can lead to undesirable agronomic traits like poor emergence rate, poor growth, 
lodging, low seed-set, and poor grain yield (Chapter 5; Böhm et al. 2017; Strigens et al. 2013). 
Besides, inbreeding depression among DH libraries may results in unwanted phenotypes like 
leaf chlorosis, tillering, extreme susceptibility to diseases such as maize ear rots, common smut 
(Ustilago maydis) and common rust (Puccinia sorghi) (Figure 4; Strigens et al. 2013). 
Therefore, introgression of resistance alleles from landraces such as KE and PE into elite 
materials may require further selection for superior agronomically adapted traits, to reduce the 
effect of detrimental alleles. In a previous study, about 70 % of DH lines derived from European 
flint landraces were recommended to be excluded from subsequent breeding program because 
of the impact of inbreeding depression (Böhm et al. 2017). 
 
Figure 3 A sample of the most resistant line (from Kemater) and susceptible line (from Petkuser) found in our 





Figure 4 Maize plants showing symptoms of (a) common smut and (b) common rust, under natural infection on 
the field in 2019 
 
The premier single-SNP based GWAS performed for F. graminearum ear rot resistance in elite 
European flint maize detected six QTLs for DON accumulation but none for GER severity 
(Han et al., 2018). However, the present GWAS conducted using a multi-locus method, fixed 
and random model circulating probability unification (FarmCPU, Liu et al., 2016) detected 14 
QTLs for  GER severity among DH lines from KE and PE (COMB), when  first three principal 
components (PCs) were fitted as fixed effects in the model. These SNPs jointly explained about 
52 % of 𝜌𝐺  . Similar to the findings for rye (Chapter 3), though the cumulative effect of QTLs 
detected by FarmCPU was large, majority of the single QTLs (10 out of 14) had small effects 
for GER severity (i.e., contributed <5 % 𝜌𝐺). By classical QTL mapping approaches, other 
authors reported several minor-effect and a few medium- to major-effect QTLs for GER 
resistance, with cumulative QTL effects ranging from about 20 % to 60 % (Chapter 4). 
Generally, compared to most other crops, the linkage disequilibrium (LD) decay in maize is 
faster (Miao et al., 2019) which makes QTL detection for complex traits like GER resistance 
very difficult (Han et al., 2018). Studies showed that LD decreased even faster in landraces 
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than elite lines because of long historical recombination events (Strigens et al., 2013). Among 
the landraces analyzed in the present study, LD decreases more rapidly within PE than KE and 
the decay pattern is less rapid among lines from COMB (Chapter 5; Mayer et al., 2017). The 
findings in Chapter 5 illustrate that large population sizes and increased number of alleles 
associated with GER severity at a particular genomic region largely influence the power to 
detect QTLs at stringent significant threshold such as the Bonferroni corrected threshold at P 
= 0.05. GWAS allows for QTL detection at high resolution but population structure in 
association-mapping panels can lead to spurious marker-trait associations (Yu et al. 2006). 
However, over the years, GWAS methods such as compressed mixed linear model, CMLM 
(Zhang et al., 2010) and FarmCPU (Liu et al., 2016), have been developed to  control false 
positives and false negatives by the inclusion of kinship matrix and principal components  in 
the model as covariates. Large population sizes and appropriate GWAS methods help to 
overcome “the Beavis effect” (Beavis, 1998). Therefore, since the number of DH lines 
analyzed across landraces (n=462, Chapter 5) was similar to the number analyzed in rye 
(Chapter 3), the proportion of genotypic variance explained by the QTLs might be close to the 
expected value (King and Long, 2017). The remaining unexplained genotypic variance in the 
GWAS can partly be attributed to the presence of QTLs having non-additive effects, and QTLs 
with rare alleles that could not be detected at the significant threshold applied. In our study, 
none of the QTLs detected for DS, PHT and SS colocalized with the QTLs for GER severity, 
confirming the low correlations found between these traits in both COMB and within 
populations (Chapter 5). Similar trend was found between FHB severity and earliness in rye 
(Chapter 3). This outcome implies that there is no strong genetic linkage between the resistance 
alleles and the alleles for earliness, plant height and poor seed-set, making the introgression of 
GER QTLs into commercial flint germplasms less cumbersome.  
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Several candidate genes (CGs) have been reported for ear rots resistance in past studies 
(Chapter 4). In this thesis, 25 CGs were associated with two most important SNPs for GER 
severity. These CGs encoded for proteins which fall into functionary categories such as 
response to stress, molecule binding activities, molecule modification, kinase activity, catalytic 
activity, signal transduction, oxidation-reduction process, cellular process , etc.,  similar to 
earlier reports for Fusarium resistance in maize (Han et al., 2018; Lanubile et al., 2017; Yao et 
al., 2020; Yuan et al., 2020). The current study (Chapter 5) confirms that GER resistance is 
governed by multiple loci containing several genes. For both COMB library and within DH 
libraries, multi-SNP GWAS algorithm (FarmCPU) was more powerful than single-SNP based 
GWAS (CMLM) for GER QTL detection at stringent significance thresholds (P = 0.0001 and 
Bonferroni corrected threshold at P = 0.05, e.g. Table 1, Figure 5). Within KE, FarmCPU 
detected eight significant SNPs jointly explaining 34% of genotypic variance for GER severity 
wihile CMLM detected only two SNPs on chromosome 2, which jointly explained 15% 
genotypic variance for GER severity. Both models failed to detect significant SNPs in PE for 
GER severity: However, at less stringent significance thresholds (-log (0.001) = 3), CMLM 
detected SNP-trait associations at genomic regions similar to FarmCPU (Figure 5). This 
corroborates previous reports illustrating the power of FarmCPU over conventional MLM for 
other complex traits (Kaler et al., 2020; Malik et al., 2019; Miao et al., 2019; Wen et al., 2018; 
Zhang et al., 2019a). The advantage of detecting more MTAs and CGs become even higher 
when both single- and multi-locus GWAS methods are used for the same data set because the 
inherent weaknesses of each method is overcome (Abed and Bezile, 2019; Li et al., 2018; Wei 
et al., 2017; Zhang et al., 2019a). Single-locus based GWAS methods such as CMLM have 
lower power of quantitative trait nucleotides (QTNs) detection for complex traits and requires 
correction for multiple testing to control false positives (Zhang et al., 2018; Zhang et al. 2019a). 
When the number of SNPs is large, some important QTL may not be detected under the 
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stringent screening criterion such as the Bonferroni correction for multiple testing for 
significance, P = 0.05/number of markers (Zhang et al., 2018, Figure 5). This can results in 
many false negatives (Liu et al., 2016; Miao et al., 2019). An individual SNP may not be able 
to capture existing allelic diversity for complex traits in a given population (Abed and Bezile, 
2019). An advantage of single-locus GWAS is that peaks can be localized precisely because 
significant markers in LD are not removed (Figure 5). This makes it more beneficial for CG 
identification and comparison of QTLs between populations. However, according to Kaler et 
al. (2020), single-locus GWAS models can fail to identify other important loci that may have 
slightly lower P-value than SNPs in the peaks that are in strong LD with the most significant 
SNP. Multi-locus GWAS methods have higher QTL detection power and accuracy than single-
locus GWAS methods (Abed and Bezile, 2019; Kaler et al., 2020; Miao et al., 2019; Malik et 
al., 2019). This is because associated markers are fitted as covariates and multiple markers are 
tested simultaneously, which reduces the background noise by other loci that may be associated 
to the trait (Segura et al., 2012; Liu et al., 2016). Treating SNP effect as random in the multi-
locus GWAS model results in shrinkage estimate of QTL effects which is more stable than  the 
least square estimate (Wang et al. 2016; Liu et al., 2016). Multi-locus GWAS does not require 
correction for multiple testing (Zhang et al., 2019a). On the other hand, multi-SNP GWAS such 
as FarmCPU removes significant SNPs that are in LD with the SNPs at detected peaks (Figure 
5), but these SNPs in LD at the peaks might provide additional information for MTA validation 
purposes and CG identifications. Hence, some information may be reduced in FarmCPU 
GWAS compared to CMLM at detected peaks (Wei et al., 2017).  The comparison of available 







Table 1 Number of QTLs detected by CMLM and FarmCPU and the total proportion of explained genotypic 
variance (𝜌𝐺) for Gibberella ear rot (GER) severity, days to silking (DS), plant height (PHT) and seed-set (SS) in 
combined DH libraries, across four environments 
Trait GWAS method Number of QTLs 𝜌𝐺  (%) 
GER severity CMLM 5 28.30 
 FarmCPU 14 52.20 
DS CMLM 16 26.45 
 FarmCPU 23 56.37 
PHT CMLM 13 57.78 
 FarmCPU 17 53.21 
SS CMLM 13 31.12 
 FarmCPU 13 43.90 
GWAS, genome-wide association studies; CMLM, compressed mixed linear model; FarmCPU, fixed and random 
model circulating probability unification 
 
 
Figure 5 Manhattan plots of (a) compressed mixed linear model (CMLM), and (b) fixed and random model 
circulating probability unification (FarmCPU) GWAS methods for GER severity among 462 DH lines (combined 




In marker-assisted selection (MAS), marker effects of detected QTLs are estimated and used 
to predict breeding values of lines in prediction models such as the best linear unbiased 
prediction, BLUP (Zhang et al., 2005). However, GWAS may not be able to fully capture 
several rare additive alleles that control quantitative traits such as FHB and ER resistances and 
agronomic traits (Miedaner and Korzun, 2019; Chapter 3, 4). To account for the effects of 
undetected QTL alleles in genetic mapping, estimated genome-wide marker effects can be used 
to predict superior lines for selection in GP models, such as ridge regression-BLUP (RR-
BLUP) (Chapter 3; Endelman, 2011; Endelman & Jannink, 2012). To further improve 
prediction accuracies, significant SNPs (QTLs) having intermediate to large effects can be 
fixed in the RR-BLUP model as fixed effect in a GP approach termed weighted RR-BLUP, 
wRR-BLUP (Chapter 3; Bernado, 2014; Spindel et al., 2016; Zhao et al., 2014). MAS based 
on medium effect GER QTLs detected from the multi-locus GWAS algorithm (i.e., FarmCPU) 
performed similar to the unweighted GP approach (RR-BLUP). However, the weighted GP 
approach (i.e., wRR-BLUP) outperformed MAS and RR-BLUP both in the combined DH 
libraries and within landraces (Chapter 5). The higher performance of wRR-BLUP over RR-
BLUP and MAS (Chapter 5) is in consonance with what has been reported earlier for Fusarium 
resistance in small-grain cereals (Galiano-Carneiro et al., 2019; Herter et al., 2019; Odilbekov 
et al., 2019). Using the medium- to major-effect QTLs (i.e., QTLs explaining >5 % 𝜌𝐺)  as a 
weighting factor in the GP model might have reduced the background noise, which improved 
the predictability for GER resistance further. Unweighted GP approach seems promising for 
populations (e.g., PE) where it is difficult to detect QTLs for MAS. When members of a training 
set are unrelated to members of the validation set, 𝜌 may be very low, even negative in some 
materials (Chapter 5; Brauner et al., 2018; Han et al. 2018). Using only DH lines from one 
landrace population to predict GER resistance in another population was not promising at all 
(Chapter 5). However, fitting the two significant SNPs explaining >5 % 𝜌𝐺  in KE as fixed 
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effect in the GP model where KE library was used exclusively as TS and PE as the VS increased 
the 𝜌 from 3 % to 22 % (Chapter 5). In another study involving six European maize landraces, 
GP between pairs of DH libraries resulted in approximately zero 𝜌 for all landraces and six 
agronomic traits analyzed. However 𝜌 improved when the TS and VS contained lines from 
both landraces (Chapter 5; Brauner et al., 2018). Additionally, an increase in the size of TS 
resulted in improved 𝜌 (Chapter 5, Brauner et al., 2018; Schopp et al., 2017). The pattern of 
QTL detection and 𝜌 in GWAS and GP, respectively, in both COMB and within landraces as 
well as the GP between landraces (Chapter 5) showed that the population having no or only 
few QTLs underlying GER resistance cannot serve as a good TS in GS. Hence, accumulation 
of resistance QTLs in a breeding material prior to GP might improve the 𝜌  for Fusarium 
resistance traits considerably (Chapter 3; Galiano-Carneiro et al., 2018). Composition of the 
genetic materials, differences in allele frequencies of important QTLs underlying a particular 
trait in the TS and VS,  population size, GP approach used, etc., largely affect the predictive 
ability of GP and have been well document elsewhere (Lozada & Carter, 2019; Robertsen et 
al., 2019; Schopp et al. 2017; Zhang et al., 2019b). These factors must be critically considered 
and addressed before using results of GP for practical breeding against GER.  
This part of the thesis demonstrates that there is maximum genetic variation in KE and PE 
landraces and can be exploited using combined genome-based analyses. The QTLs with 
medium impacts can be employed in marker-assisted backcrossing (MABC) after validation. 
To reduce or eliminate the effect of many negative loci segregating in these landraces (Chapter 
5), implementation of GS can be more beneficial after the introgression of best QTLs into elite 
materials and selection for agronomically adapted traits. Both phenotypic and molecular 




Implications for practical breeding against Fusarium ear infections in small-grain 
cereals and maize 
In small-grain cereals, breeding against mycotoxigenic fungi in durum wheat and bread wheat 
should be prioritized. It can be facilitated by the introduction of resistance alleles from rye or 
triticale, which will however require several cycles of backcrossing to remove unfavorable 
alleles that may be linked to poor flour quality and yield (Chapter 2). Furthermore, genomics-
assisted recurrent selection strategy can be adopted in breeding programs aiming at reducing 
FHB and mycotoxins in small-grain cereals. 
The wide genetic variation for GER resistance both across and within KE and PE can be 
harnessed to improve elite European flint maize against toxigenic Fusarium ear infection. The 
DH lines from the landraces (Chapter 5) can be crossed with susceptible elite lines and their 
off-springs (F1) backcrossed to the elite parents (F1BC) for better agronomic adaptation, i.e., to 
reduce or eliminate the impact of deleterious alleles associated with traits like early 
development, lodging, shortness, poor fertility and yield. Application of GS to select resistant 
lines from the backcross population is expected to produce higher returns (Hölker et al., 2019) 
because close genetic relationship between the training set and validation set can improve the 
prediction accuracy (Brauner et al., 2018, 2020; Herter et al., 2019; Kadam et al., 2016; 
Riedelsheimer et al., 2013). Brauner et al. (2018) found higher prediction accuracy for six 
agronomic traits in elite flint lines than within six landraces. GP exploits LD between markers 
and the QTLs underlying a trait to predict the genomic estimated breeding values of 
individuals, but LD decreases more rapidly among landraces than elite populations (Strigen et 
al., 2013). To reduce the problem of unrelatedness of individuals of the TS and the VS in GS, 
the TS must be periodically updated by phenotyping about 10 % to 20 % of the population, 
which represent parents of used crosses, in subsequent cycles (Chapter 4). Besides, when the 
medium- to major-effect GER QTLs are successfully validated and molecular markers such as 
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Kompetitive allele specific PCR markers (KASPs) developed, MABC can be employed to 





The world’s human and livestock population is increasing and there is the need to increase 
quality food production to achieve the global sustainable development goal 3, zero hunger by 
year 2030 (United Nations, 2015).  However, biotic stresses such as Fusarium ear infections 
pose serious threat to cereal crop production. Breeding for host plant resistance against 
toxigenic Fusarium spp. is a sustainable way to produce more and safer cereal crops such as 
maize and small-grain winter cereals. Many efforts have been made to improve maize and 
small-grain cereals for ear rot (ER) and Fusarium head blight (FHB) resistances, using 
conventional and genomic techniques.  
Among small-grain cereals, rye had the shortest maturity period followed by the descendant, 
hexaploid triticale while both wheat species had the longest maturity period. In addition, rye 
and triticale were more robust to Fusarium infection and deoxynivalenol accumulation, making 
them safer grain sources for human and animal consumption. However, a few resistant cultivars 
have been produced by prolonged conventional breeding efforts in durum wheat and bread 
wheat. High genetic variation was present within each crop species and can be exploited for 
resistance breeding. In this thesis, the genetic architecture of FHB resistance in rye was 
investigated for the first time, by means of genome-wide association study (GWAS) and 
genomic prediction (GP). GWAS detected 15 QTLs for Fusarium culmorum head blight 
severity, of which two had major effects. Both weighted and unweighted GP approaches 
yielded higher prediction abilities than marker-assisted selection (MAS) for FHB severity, 
heading stage and plant height. Genomics-assisted breeding can shorten the duration of 
breeding rye for FHB resistance.  
In the past decade, genetic mapping and omics were used to identify a multitude of QTLs and 
candidate genes for ear rot resistances and mycotoxin accumulation in maize. The polygenic 
nature of resistance traits, high genotype x environment interaction, and large-scale 
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phenotyping remain major bottlenecks to increasing genetic gains for ear rots resistance in 
maize. Phenotypic and molecular analyses of DH lines originating from two European flint 
landraces (“Kemater Landmais Gelb”, KE, and “Petkuser Ferdinand Rot”, PE) revealed high 
variation for Gibberella ear rot (GER) severity and three agronomic traits viz. number of days 
to female flowering, plant height and proportion of kernels per cob. By employing multi-SNP 
GWAS method, we found four medium-effect QTLs and many small-effect (10) QTLs for 
GER severity in combined DH libraries (when PCs used as fixed effects), none co-localized 
with the QTLs detected for the three agronomic traits analyzed. However, one major QTL was 
detected within KE DH library for GER severity. Two prioritized SNPs detected for GER 
resistance were associated with 25 protein-coding genes placed in various functional 
categories, which further enhances scientific knowledge on the molecular mechanisms of GER 
resistance. Genome-based approaches seems promising for tapping GER resistance alleles 
from European maize landraces for applied breeding. After several cycles of backcrossing and 
sufficient selection for agronomic adaptation traits, the resistant lines identified in this thesis 
can be incorporated into existing maize breeding programs to improve immunity against F. 
graminearum ear infection. Breeding progress can be faster using KE landrace than PE.  
A successful validation of QTLs identified in this thesis can pave way for MAS in rye and 
marker-assisted backcrossing in maize. Effective implementation of genomic selection requires 
proper design of the training and validation sets, which should include part of the current 





Um das Ziel 3 für nachhaltige Entwicklung, das Ende des Hungers bis 2030 (United Nations, 
2015) zu erreichen, muss durch den Anstieg der Weltbevölkerung die 
Nahrungsmittelproduktion deutlich erhöht werden. Gleichzeitig aber bedrohen 
Pflanzenkrankheiten wie Fusariosen die Getreideproduktion.  Die Züchtung von Sorten mit 
Resistenzen gegen die (für Mensch und Tier) giftigen Pilze der Gattung Fusarium ist ein 
nachhaltiger Weg, um größere Mengen und weniger toxin-belastetes Getreide zu produzieren. 
Viele Versuche wurden unternommen, um die Resistenz gegen Kolbenfäule in Mais und gegen 
Ährenfusariosen (Fusarium head blight, FHB) in kleinkörnigem Getreide mit konventionellen 
und genomischen Züchtungsmethoden zu verbessern. 
In unseren Untersuchungen waren Roggen und Triticale am widerstandsfähigsten gegen 
Fusarium-Infektionen und hatten die geringste Deoxynivalenol-Kontamination, was sie zu 
weniger toxischen Nahrungs- und Futtermitteln macht. Aber auch für Hart- und Weichweizen 
gibt es durch langjährige konventionelle Züchtung einzelne resistente Sorten. Eine hohe 
genetische Variation konnte bei allen Getreidearten beobachtet werden und kann damit für 
zukünftige Resistenzzüchtung verwendet werden. In dieser Arbeit wurde zum ersten Mal mit 
Hilfe einer genomweiten Assoziationsstudie (genome-wide association study, GWAS) und 
genomischer Vorhersage (genomic prediction, GP) die genetische Architektur der Fusarium-
Resistenz in Roggen untersucht. GWAS konnten 15 Loci (quantitative trait loci, QTL) für die 
Resistenz gegen Fusarium culmorum gefunden werden, zwei davon mit Haupt-Effekten (major 
effects). Sowohl die gewichtete als auch die ungewichtete genomische Vorhersage erzielten 
für Fusariumbefall, Ährenschieben und Wuchshöhe höhere Genauigkeiten als die 
markergestützte Selektion (marker-assisted selection, MAS). Genomische Daten können damit 
die Züchtung von Fusarium-resistentem Roggen beschleunigen. 
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In den letzten zehn Jahren wurden genetische Kartierungen und Omics verwendet, um eine 
Vielzahl von QTLs und Kandidatengenen für Kolbenfäule-Resistenzen und Mykotoxin-
Akkumulation in Mais zu identifizieren. Die komplexe Vererbung der Resistenzen, die hohen 
Genotyp x Umwelt-Wechselwirkungen und der Bedarf großer Versuche zur Phänotypisierung 
den genetischen Zuchtfortschritt für die Resistenz gegen Kolbenfäule bei Mais. Die 
phänotypische und genotypische Analyse von doppelt-haploiden Maislinien, die aus zwei 
europäischen Flint-Landrassen (“Kemater Landmais Gelb”, KE, and “Petkuser Ferdinand 
Rot”, PE) erstellt wurden, zeigte eine hohe genetische Variation für Kolbenfäule (Giberella ear 
rot, GER) und die drei weiteren agronomischen Merkmale Tage bis zur weiblichen Blüte, 
Wuchshöhe und Kornansatz. Durch Verwendung einer GWAS-Methode, die mehrere 
Markerloci gleichzeitig berücksichtigt (multi-SNP), konnten vier QTL mit mittleren Effekten 
und 10 QTL mit kleinen Effekten für die GER-Befallsstärke in kombinierten DH-Bibliotheken 
gefunden werden; keine davon war co-lokalisiert mit QTL für die drei analysierten 
agronomischen Merkmale. Innerhalb der KE DH-Bibliothek wurde jedoch ein Haupt-QTL für 
die GER-Befallsstärke festgestellt. Zwei ausgewählte SNP-Marker für die GER-Befallstärke 
waren mit 25 proteincodierenden Sequenzen assoziiert, die unterschiedlichen Funktionen 
zugeordnet werden konnten und damit das Wissen über die molekularen Mechanismen zur 
GER-Resistenz erweiterten. Eine genom-basierte Züchtungsmethode erscheint 
vielversprechend, um die GER-Resistenz in europäischen Mais-Landrassen für die angewandte 
Züchtung zu erschließen. Nach mehreren Zyklen von Rückkreuzung und Selektion auf 
agronomische Merkmale, können die resistenten Linien in einem bestehenden Mais-
Zuchtprogramm verwendet werden, um die Resistenz gegen Kolbenfusariosen zu erhöhen. Der 
Zuchtfortschritt dürfte bei Verwendung der Landrasse KE höher sein als bei PE. 
Eine erfolgreiche Validierung der QTL, die in dieser Arbeit gefunden wurden, kann den Weg 
für eine markergestützte Selektion bei Roggen und Mais zur Erhöhung der Fusarium-Resistenz 
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ebnen. Die effiziente Anwendung genomischer Selektionsmethoden bedarf der laufenden 
Erstellung von aktuellen Trainings- und Validierungssets, die jeweils einen Teil der aktuellen 
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